By using 1,4-dioxane as the sole source of carbon, a 1,4-dioxane-degrading microorganism was isolated from soil. The fungus, termed strain A, was able to utilize 1,4-dioxane and many kinds of cyclic ethers as the sole source of carbon and was identified as Cordyceps sinensis from its 18S rRNA gene sequence. Ethylene glycol was identified as a degradation product of 1,4-dioxane by the use of deuterated 1,4-dioxane-d 8 and gas chromatography-mass spectrometry analysis. A degradation pathway involving ethylene glycol, glycolic acid, and oxalic acid was proposed, followed by incorporation of the glycolic acid and/or oxalic acid via glyoxylic acid into the tricarboxylic acid cycle.
(hold for 2 min), 150°C (20°C/min), and 300°C (10°C/min). 1,3-Propanediol was not used as an internal standard because of the problem of overlap with the organic acids. Calibration was carried out with authentic standards.
Chemicals. Deuterium-labeled 1,4-dioxane-d 8 (DML-28-5X1) and ethylene glycol-d 4 (DLM-1243-5) were purchased from Cambridge Isotope Laboratory, Inc., Andover, Mass. Methyl-substituted 1,4-dioxanes were synthesized by the method of Ratier et al. (17) or Wojtowicz et al. (25) . All other chemicals were AR grade.
Nucleotide sequence accession number. The DDBJ accession number of the sequence determined in this study is AB187268.
RESULTS AND DISCUSSION
Isolation of a 1,4-dioxane-degrading fungus. A 1,4-dioxaneutilizing fungus was isolated from garden soil from the National Institute for Environmental Studies (NIES). The isolate, named strain A, could be continuously cultivated on BSM with 1,4-dioxane as the sole source of carbon. Strain A had a septum and spores, as observed by light microscopy ( Fig. 1) , and was identified as the fungus C. sinensis from 18S rRNA gene homology (99.75% of a partial sequence of 1,617 bp).
Cultivation conditions for the isolate. Strain A can grow in medium containing up to 0.09 M 1,4-dioxane (usually microorganisms in wastewater are not affected by 1,4-dioxane, even if its concentration is increased to 0.03 M [12] ), but optimal growth was obtained at 0.034 M 1,4-dioxane. When strain A was cultivated in 0.0125 ϫ 10 Ϫ3 M 1,4-dioxane, a decrease in the dioxane concentration was observed, but traces still remained after 1 week or more (data not shown). This result indicated that the highest concentration of 1,4-dioxane in the actual contaminated wastewater or groundwater can been treated by strain A (1, 19, 20, 28) . The time course of the growth of strain A in medium containing 0.034 M 1,4-dioxane is shown in Fig. 2 . The decrease of 1,4-dioxane in the medium was essentially complete after 3 days, and there was a concomitant increase in the concentration of the degradation product, ethylene glycol (0.97 ϫ 10 Ϫ3 M after 3 days). There followed immediately thereafter, however, a rapid decrease in the concentration of ethylene glycol in the medium as it was utilized by the culture, and by the end of the culture period (4 days) the ethylene glycol was almost completely utilized. The resulting ethylene glycol is also toxic and can cause severe poisoning in humans (10) , but, as shown above, the concentration of ethylene glycol in the culture medium was relatively low and finally it was completely utilized by strain A.
Identification of 1,4-dioxane degradation products. Identification of the 1,4-dioxane degradation products produced by strain A was performed with a phenyl boronate derivatization procedure and the use of 0.031 M 1,4-dioxane-d 8 . A preliminary identification of ethylene glycol was made by GC-MS following derivatization by N,O-bis(trimethylsilyl)trifluoroacetamide (data not shown). The peak, however, was small, and the presence of many other unidentified derivatives and a high background precluded positive identification of the suspected analyte. To overcome these problems, a more specific method to detect the degradation products was sought. Phenyl boronate can form ether bonds with dihydroxy compounds in water-methanol (9) , and these derivatives are amenable to GC-MS analysis. As shown in Fig. 3 , peak 1 has the same retention time as nonlabeled ethylene glycol but has an m/z that is 4 mass units greater. Deuterium exchange had occurred (almost half was completely exchanged), and the main derivative was clearly identified as ethylene glycol (-d 4 ) and therefore was derived from 1,4-dioxane-d 8 . Peak 1 did not occur at time zero or in control experiments using 1,4-dioxane-d 8 without inoculation with strain A or without 1,4-dioxane-d 8 but with strain A (96 h of incubation at 30°C). Peaks 2 and 3 were assigned to nonlabeled glycolic acid and oxalic acid, respectively (Fig. 4) . Exchange of the deuterons on glycolic acid was also observed. Even after just the first step of 1,4-dioxane-d 8 degradation, a peak for nonlabeled ethylene glycol (molecular weight, 148) was detected coeluting with ethylene glycol-d 4 (molecular weight, 152).
Proposed 1,4-dioxane degradation pathway. There are several papers describing the degradation pathway for ethylene glycol by humans, yeasts, and bacteria (4, 6, 7, 11, 24) . However, to our knowledge, no pathway has been proposed for filamentous fungi. A general degradation pathway can be proposed as the sequential production of ethylene glycol, glycol- Ϫ3 M glycolic acid, 0.54 ϫ 10 Ϫ3 M oxalic acid, and 24 and 39 g/ml of protein, respectively, were produced after 3 days. The reverse of the metabolic pathway involving the identified metabolites was not observed. From these results, the order of breakdown was assigned as ethylene glycol to glycolic acid to oxalic acid. At the end of the cultivation period, peaks 2 and 3 ( Fig. 3) decreased, presumably because these compounds were metabolized to CO 2 and/or components of the cell via the TCA cycle without accumulation of oxalic acid. A degradation pathway for strain A was proposed, as shown in Fig. 4 .
Effect of metabolites on degradation of 1,4-dioxane. The effect of metabolites on the degradation of 1,4-dioxane was examined (Fig. 5) . Ethylene glycol, glycolic acid, or oxalic acid (0.034 or 0.01 M for each compound) was cultivated with 0.034 M 1,4-dioxane for 4 days. Utilization of 1,4-dioxane by strain A occurred after consumption of the added organic acids. These results indicated that there is a catabolite repression for this pathway, so metabolites of 1,4-dioxane as the sole source of carbon (Fig. 2) may be limited to about 5% or less of the added substrate (on a molar basis). The 1,4-dioxane-degrading enzyme and other enzymes probably are encoded on the same operon.
Effect of substrate on growth of strain A. Substrate specificity for the growth of strain A was estimated by using commercial and synthesized cyclic ethers (Table 1) . Of the commercial on November 10, 2017 by guest http://aem.asm.org/ cyclic ethers, all compounds were utilized by strain A, but 18-crown-6 was not a good substrate for enzymatic degradation, although it was a good substrate for growth of strain A. The best substrate was tetrahydrofuran, and it was utilized to the extent of 96% after 3 days. Synthesized cyclic ethers were also tested. 2-Hydroxymethyl-1,4-dioxane was not utilized by strain A within 3 days, and other synthesized cyclic ethers, although utilized, produced poor growth rates. Growth was apparently related to the extent of methylation of the 1,4-dioxane carbons, with the highest growth rates being associated with tetramethyl-1,4-dioxane. It is possible that monomethylated cyclic ethers are not suitable substrates for strain A or do not serve as suitable substrates for the relevant enzymes. These results indicated that strain A can degrade secondary ethers, and our future studies will investigate these processes by using purified enzymes.
At present, such enzymes have not been identified, but etherases and oxidases are likely candidates for the degradation of 1,4-dioxane by strain A (16, 22, 23) . From the study of cultivation with 2,3,5,6-tetramethyl-1,4-dioxane, it has been estimated that strain A has an enzyme which is not affected by methyl residues. Also, from the observation of consistent deuterium exchange (all or nothing) of the degradation product, ethylene glycol, there is a possibility that ethylene glycol formation occurs via two hemiacetals at one side of the 1,4-dioxane molecule by etherase-type reactions (22) . 
